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摘要 
燃煤烟气中的 SO2、NO 和 Hg0 通常采用在燃煤锅炉后分设烟气脱硫、烟气
脱硝和活性炭喷射装置来实现控制。这种分级治理模式存在占地面积大、投资和
运行成本高、烟气系统稳定性差等问题。本文在总结各种污染控制技术的基础上，
提出了一种等离子体氧化与活性炭吸附结合的同时脱硫脱硝脱汞工艺，即：燃煤
烟气中的 SO2、NO 和 Hg0 先通过等离子体氧化为易处理的 SO3、NO2和 Hg2+，
再利用活性炭吸附氧化产物，实现多污染物一体化脱除。 
本文以玉米秸秆为原材料，通过热解炭化和等离子体改性制备了一种高效脱
汞吸附剂。等离子体改性可以显著改变生物炭表面官能团含量和种类，并对孔隙
结构破坏程度较小。增加放电气体中 O2 和水蒸气的浓度以及增加改性时间会提
高生物炭表面含氧官能团含量从而促进生物炭对 Hg0 的吸附。 
使用苯甲酸对活性炭进行改性，向炭表面引入含氧官能团，结合物化表征和
Hg0 吸附实验探究了活性炭吸附 Hg0 机理。结果表明：活性炭对 Hg0 的吸附以化
学吸附为主，含氧官能团尤其是羧基在活性炭对 Hg0 吸附过程中起主要的促进作
用。HCl 和 NO 与炭表面发生反应，引入了含 Cl 和含 N 官能团，促进了活性炭
对 Hg0 的吸附，SO2 会堵塞活性炭微孔并与 Hg0 竞争活性位点，从而抑制 Hg0 的
吸附。 
采用烟气直接电离的等离子体介入方式研究了NO、SO2和Hg0的氧化特性，
结果表明在低氧或无氧条件下，NO 通过还原为 N2 去除，O2 和水蒸气电离产生
的氧化性粒子会促进 NO 的氧化；提高电压和 O2 浓度，SO2 氧化率提高有限；
气体电离产生的·O、O3、Cl2 和·Cl 等活性粒子促进了 Hg0 的氧化，提高电压或增
加放电气体中 O2 和 HCl 浓度都可以增加活性粒子含量从而提高 Hg0 的氧化率，
由于对活性粒子的竞争，NO 和水蒸气会抑制 Hg0 的氧化。采用烟气直接电离氧
化-活性炭吸附工艺进行同时脱硫脱硝脱汞，结果表明：污染物形态的转化和活
性粒子对炭表面的活化使得联用工艺脱硫脱硝脱汞效率大大增加，但是在复杂烟
气中 NO 的氧化率较低，且 NO2 在活性炭吸附过程中伴随 NO 的还原再生，导致
了联用工艺脱硝效率的降低，联用工艺对SO2、NO和Hg0的脱除效率分别为100%、
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29%和 100%。 
烟气直接电离处理污染物过程中，放电条件恶劣，复杂的烟气组分会影响
NO 的氧化效率，因此我们采用活性粒子注入的等离子体介入方式进行了同时脱
硫脱硝脱汞实验。首先研究了活性粒子对 Hg0 的氧化特性，结果表明：增加活性
粒子的注入流量促进了 Hg0 的氧化；由于能量的转换，提高电压会导致放电体系
内温度的增加，导致活性粒子的裂解，Hg0 的氧化率随放电电压升高而降低；NO
和 SO2会消耗活性粒子，使得活性粒子与Hg0的反应几率降低，抑制Hg0的氧化；
由于活性粒子与 Hg0 较快的反应速率，烟气温度对 Hg0 氧化率影响不大。活性粒
子注入氧化-活性炭吸附同时脱硫脱硝脱汞结果表明联用工艺对 SO2 和 Hg0 始终
保持近 100%的去除率，脱硝效率随着活性粒子注入流量增加而增加，提高吸附
温度会导致 NO 的再生，使得脱硝效率下降。在不同的吸附剂中，玉米秸秆生物
炭表现最佳，在最优工艺参数下，联用工艺获得了近 100%的脱硫脱硝脱汞效率。
由于活性粒子对炭表面的活化作用，在十次的循环再生吸附中，生物炭保持 90%
以上的脱硝效率和 100%的脱硫脱汞效率。 
 
关键词：低温等离子体；活性炭吸附；同时脱硫脱硝脱汞；生物炭 
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Abstract 
Conventionally, the removal of sulfur dioxide, nitric oxide and elemental mercury 
are realized by the desulfurization, denitrification and activated carbon injection 
methods, respectively. The deficiencies of this strategy are larger occupying area, 
higher cost of construction and operation and poor stability of systems. On the basis 
of summing up all kinds of pollution control techniques, we proposed a novel method, 
combing plasma with activated carbon adsorption, to removal SO2, NO and Hg0 from 
flue gas. Using this method, SO2, NO and Hg0 were oxidized to SO3, NO2 and Hg2+, 
then these oxidation products were removed by activated carbon. 
The corn stalk was used as raw material in this research. A variety of sorbents 
were prepared through pyrolysis carbonization and modification under different 
conditions by plasma. The plasma treatment could significantly change the content 
and species of functional groups on bio-char surface, however, it caused less damage 
to physical structure. Increasing O2 and H2O concentrations in discharge gas and 
treatment time would introduction more oxygen function groups onto carbon surface, 
which resulted in an enhancement of Hg0 adsorption capacity. 
The activated carbons were modified by benzoic acid to introduce some particular 
groups on carbon surface. The Hg0 adsorption mechanisms was studied by combining 
characterization and Hg0 adsorption experiments. The results showed that the 
adsorption of Hg0 included both physisorption and chemisorption, and chemisorption 
was dominant. OCFGs, especially carboxylic groups, played crucial roles in 
adsorption process. HCl and NO could react with carbon surface which introduced 
additional active sites for Hg0 adsorption, thus Hg0 adsorption was promoted. The Hg 
adsorption was inhibited due to the blocking of pores and competitive adsorption by 
SO2. 
A flue gas discharge method was used to remove SO2, NO and Hg0. The results 
indicated that NO was reduced to N2 under hypoxic and anaerobic conditions. The 
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oxidative species produced by ionizing gases (O2, H2O and CO2) promoted the 
oxidation of NO. For SO2, increasing O2 concentrations and applied voltage would 
not have significant effects on its oxidation efficiencies. In DBD discharge, not 
only ·O and O3 but also ·Cl and Cl2 can enhance Hg0 oxidation. Increasing applied 
voltage, O2 and HCl concentrations would produce more active species, which 
promoted Hg0 oxidation. However, the presence of NO or H2O resulted in a 
significant decrease of Hg0 oxidation efficiency due to the competition for reactive 
species. The pollutant conversion and activation of carbon surface by active species 
greatly increased the removal efficiency. However, the removal efficiency of NOx by 
combined processes was only 29% due to the poor oxidation efficiency by plasma and 
regeneration of NO during Activated carbon adsorption. The synergistic removal 
efficiency of SO2, NO and Hg0 was 100 %, 29% and 100% respectively. 
Due to the poor discharge conditions during and low NO oxidation efficiency 
during flue gas discharge, the removal of SO2, NO and Hg0 was carried out using 
active species injection method. During active species injection process, increasing 
active species injection flowrate favored the Hg0 oxidation rate. The consumed power 
converted into heat energy played an essential role in the re-dissociation of reactive 
species, and thus further increasing applied voltage would resulted in the decrease of 
Hg0 oxidation efficiency. The inhibitory effects of NO and SO2 on Hg0 oxidation were 
observed, which was attributed to their preferential consumption of reactive species. 
The flue gas temperature has little impact on Hg0 oxidation within the test 
temperature range. The active species injection oxidation-AC adsorption always 
maintained high removal efficiencies for SO2 and Hg0. NOx removal efficiency 
increased with the active species injection flowrate. The corn straw bio-char showed 
the best performance for the simultaneous removal of NO, SO2 and Hg0. The 
simultaneous removal efficiency of NO, SO2 and Hg0 was nearly 100% under the 
optimal process parameters. In addition, due to the reactivation of active species, the 
bio-char after heating regeneration achieved above 90% denitration efficiency in 
cyclic adsorption experiments. 
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Keywords: Non-thermal plasma; Simultaneous removal of SO2, NO and Hg0; 
Activated carbon adsorption; Bio-char 
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